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ARTICLE 


Aptamer  Selection  Express:  A  Novel  Method  for  Rapid  Single-Step  Selection  and 
Sensing  of  Aptamers 

Maomian  Fan J  Shelly  Roper  McBurnetty2  Carrie  J.  Andrews,1  Amity  M.  Allman,3  John  G.  Bruno,3 
and  Johnathan  L.  Kiel1 

1  Air  Force  Research  Laboratories,  RHPC,  Brooks  City-Base,  TX;  2 Conceptual  MindWorks,  Inc.  San  Antonio,  TX;  3 Operational 
Technologies  Corp.,  San  Antonio,  TX 


Here  we  describe  a  new  DNA  capture  element  (DCE)  sensing  system,  based  on  the  quenching  and  dequench¬ 
ing  of  a  double-stranded  aptamer.  This  system  shows  very  good  sensitivity  and  thermal  stability.  While  quench¬ 
ing,  dequenching,  and  separating  the  DCE  systems  made  from  different  aptamers  (all  selected  by  SELEX),  an 
alternative  method  to  rapidly  select  aptamers  was  developed— the  Aptamer  Selection  Express  (ASExp).  This 
process  has  been  used  to  select  aptamers  against  different  types  of  targets  ( Bacillus  anthracis  spores,  Bacillus 
thuringiensis  spores,  MS-2  bacteriophage,  ovalbumin,  and  botulinum  neurotoxin).  The  DCE  systems  made  from 
botulinum  neurotoxin  aptamers  selected  by  ASExp  have  been  investigated.  The  results  of  this  investigation 
indicate  that  ASExp  can  be  used  to  rapidly  select  aptamers  for  the  DCE  sensing  system. 

Key  Words:  aptamer,  ASExp,  DCE,  SELEX 


INTRODUCTION 

Aptamers  are  small  single-strand  DNA  (ss-DNA)  or  RNA 
oligonucleotides  with  very  high  affinity  to  their  targets.1-3 
They  bind  to  the  targets  with  high  selectivity  and  speci¬ 
ficity  due  to  their  specific  three-dimensional  folded  con¬ 
formations.  Aptamers  offer  the  possibility  of  overcoming 
the  limitations  of  antibodies  and  could  replace  antibod¬ 
ies  in  detection  and  identification  systems  for  biological 
threat  agents.  Aptamers  have  many  obvious  advantages. 
For  example,  there  is  no  need  to  use  animals  or  cell  cul¬ 
tures  and,  unlike  antibody  proteins,  they  do  not  require 
any  special  storage  facilities.  Once  selected,  aptamers 
can  be  produced  at  any  time  in  large  amounts  and  with 
high  reproducibility  by  chemical  synthesis.  Since  they  are 
selected  for  a  multitude  of  different  substances,  the  field 
of  application  is  very  wide-ranging.4  The  use  of  aptamers 
for  sensing  and  diagnostic  applications  has  been  exten¬ 
sively  explored.5-9  In  many  cases,  aptamers  show  similar 
or  even  better  performance  when  compared  with  antibod¬ 
ies  in  the  laboratory.6-10 

Currently,  aptamers  are  selected  by  the  System¬ 
atic  Evolution  of  Ligands  by  Exponential  Enrichment 
(SELEX)  process.11  This  process  is  characterized  by 
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the  repetition  of  successive  steps  of  target  binding  and 
removal  of  unbound  oligonucleotides,  followed  by  elution, 
amplification,  and  purification  of  the  selected  oligonucle¬ 
otides.11-13  The  separation  of  target  bound  and  unbound 
oligonucleotides  during  the  process  is  the  crucial  step  for 
successful  aptamer  selection.  A  conventional  separation 
method  is  affinity  chromatography  in  which  the  targets 
are  immobilized  onto  column  material.14  Therefore,  con¬ 
siderable  amounts  of  target  molecules  are  necessary  in 
order  to  reach  sufficiently  high  loading  of  the  column. 
Another  type  of  labor-intensive  aptamer  separation  which 
requires  large  volumes  of  library  material  is  selection  on 
nitrocellulose  filters.14 

Developing  a  sensing  system  that  can  detect  and  iden¬ 
tify  biological  warfare  agents  rapidly,  with  high  sensitivity, 
good  thermal  stability,  and  specificity  has  very  important 
significance  not  only  in  defense  and  national  security  but 
also  in  commercial  applications  such  as  medical  diagnos¬ 
tics,  food  safety,  environmental  monitoring,  and  so  forth. 
Our  purpose  is  to  develop  such  a  system  based  on  aptamer 
technology.  This  system  is  called  a  DNA  capture  element, 
or  DCE.  Different  DCE  systems  made  from  aptamers  of 
Bacillus  anthracis  (Ba),  Shiga  toxin,  botulinum  neurotoxin 
(BoNT),  and  Francisella  tularensis  bacteria  (all  selected  by 
SELEX)  have  been  investigated.  Cross-reactions  were 
observed  when  the  DCE  systems  interacted  with  differ¬ 
ent  targets.  When  interaction  of  an  individual  target  with 
a  mixture  of  DCE  systems  was  investigated,  the  need  for 
a  new  type  of  separation  method  led  to  the  development 
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Quenching  and  dequenching  the  DNA  capture  element  system. 
The  fluorescence  is  determined  by  plate  reader. 


of  a  process  for  rapid  aptamer  selection — the  Ap tamer 
Selection  Express  (ASExp).15  This  process  combines  the 
interaction  of  a  target  with  double- stranded  (ds)-DNA 
and  magnetic  separation  technology.  The  ds-DNA  inter¬ 
acts  with  the  target,  denaturing  the  ds-DNA.  The  single- 
stranded  (ss)-DNA/target-bound  complex  can  then  be 
separated  by  magnetic  beads  bound  with  random  ss-DNA. 
This  separation  method  has  been  studied  by  reselecting 
aptamers  against  different  targets,  Ba  spores,  Shiga  toxin, 
and  F.  tularensis  bacteria.  In  contrast  to  SELEX,  the  use 
of  magnetic  beads  for  ss-DNA/target  separation  requires 
a  very  small  amount  of  target  providing  for  convenient 
handling. 

First,  we  demonstrated  the  preparation  of  a  new  sens¬ 
ing  system  (DCE)  based  on  a  Ba  aptamer.  Secondly,  using 
the  ASExp  selection  method,  the  Ba  aptamer  was  re¬ 
selected  and  tested  for  agent  selectivity.  Finally,  we  tested 
the  DCE’s  of  botulinum  neurotoxin  aptamers  (type  A  and 
B  light  chain)  selected  using  the  ASExp  method  for  agent 
specificity. 
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Preparation  procedure  for  DNA  capture  element  sensing  system. 
Quantum  dots  were  used  here  for  the  DNA  capture  element  sys¬ 
tems  of  Bacillus  anthracis ,  Shiga,  and  tularemia  aptamers  (selected 
by  the  SELEX  process).  All  of  these  agents  were  in  turn  used  for 
aptamer  re-selection.  Sequences  of  these  aptamers  are  shown  in 
Figure  1.  EDC,  1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide 
HCI. 


Ba:  (+)  ACCCCTGCATCCTTTGCTGGAGAGGAATGTATAAGGATGTTCCGGG 
CGT  GT  GGGT  AAGTC  AGTCT  AGAGGGCCCC  AGAAT 

Ba:  (-)  ATTCTGGGGCCCTCTAGACTGACTTACCCACACGCCCGGAACATC 
CTTATACATTCCTCTCCAGCAAAGGATGCAGGGGT 

Shiga:  (+)  ACCCCTGCATCCTTTGCTGGGGTAACTAGCATTCATTTCCCACACCC 
GTCCCGT  CC  AT  AT  AGTCT  AG  AGGGCCCC  AGAAT 

Shiga:  (-)  ATT  CT  GGGGCCCT  CT  AGACT  AT  AT  GG  ACGGGACGGGT  GT  GGG  AAAT 
GAATGCTAGTTACCCCAGCAAAGGATGCAGGGGT 

Tularemia:  (+)  ATTCTGGGGCCCTCTAGACTGATTAGCGATACTACACACTAAC 

CACAACCTTAATAATCCCACTGTTTCCCCCAAGGTACCAGCAAAGGATCCTG 

CAGGGGT 


FIGURE  1 

Sequences  of  Bacillus  anthracis  (Ba),  Shiga,  and  tulare¬ 
mia  aptamers  used  for  making  DNA  capture  elements. 
All  of  these  aptamers  were  selected  by  conventional 
SELEX.  Sequences  of  the  aptamers  are  red. 


Tularemia:  (-)  ACCCCTGCAGGATCCTTTGCTGGTACCTTGGGGGAAACAGTG 

GGATTATTAAGGTTGTGGTTAGTGTGTAGTATCGCTAATCAGTCT  AGAGGGCCCC 
AGAAT 
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Procedures  for  Bacillus  anthracis  (Ba)  aptamer  re-selection. 


MATERIALS  AND  METHODS 
Chemicals  and  Instruments 

1 -Ethyl-3 -(3- dime thylaminopropyl)  carbodiimide  HC1 
(EDC)  was  purchased  from  Pierce  (Rockford,  IL).  Quan¬ 
tum  Dots  were  purchased  from  Evident  Technologies 
(Troy,  NY).  QXL  520  (quencher)  and  Hilyte  Fluor  488 
amine  (fluorophore)  were  obtained  from  AnaSpec  (San 
Jose,  CA).  ATP  was  purchased  from  Sigma- Aldrich  (St. 
Louis,  MO).  Library  of  ss-DNA  and  all  aptamers  used 
were  obtained  from  Sigma-Genosys  (Woodlands,  TX). 
Polybeads  and  magnetic  beads  were  obtained  from  Poly- 
Sciences  (Warrington,  PA)  and  Spherotech  (Lake  Forest, 
IL),  respectively.  T4  polynucleotide  kinase  (OptiKinase) 
and  imidazole  were  purchased  from  USB  (Cleveland,  OH) 
and  Sigma-Aldrich,  respectively.  Phosphate  buffered  saline 
containing  Mg+2  and  Ca+2  was  obtained  from  GIBCO 
(Carlsbad,  CA).  Shiga  toxin  and  botulinum  neurotoxins 
(A  and  B,  light  and  heavy  chain)  were  obtained  from  LIST 
Biological  Laboratories  (San  Jose,  CA).  Bacillus  anthracis 
spores  (Sterne  strain)  were  made  from  anthrax  spore  vac¬ 
cine,  Mobay  Corporation  (Pittsburgh,  Pennsylvania).  Tula¬ 
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Rapid  aptamer  selection  (ASExp)  for  generating  DNA  aptamers  for 
specific  targets:  botulinum  neurotoxin;  type  A  and  B  light  chain. 
TE,  Tris/EDTA  buffer. 


remia  bacteria  were  grown  from  the  F.  tularensis  antigen 
(Becton-Dickson,  Franklin  Lakes,  NJ).  Sequencer  was 
Applied  Biosystems  3100  Genetic  Analyzer  (Foster  City, 
CA),  Microscope  was  Nikon  E800  (Melville,  NY),  and 
plate  reader  was  BioTek  Synergy  HT  (Winooski,  VT). 

Concept  of  DCE  System 

In  this  system,  the  primary  strand  aptamer  has  a  quantum 
dot  (or  fluorophore)  covalently  linked  to  the  3’  end  and  a 
bead  covalently  linked  to  the  5'  end.  The  complementary 
strand  aptamer  has  a  quencher  covalently  linked  to  the  5' 
end.  The  two  strands  of  DNA  are  annealed  together  and 
the  quencher  quenches  the  fluorescence  of  the  quantum 
dot  (or  fluorophore).  When  a  target  agent  is  introduced  to 
the  DCE  system,  the  double  strands  denature,  enabling 
them  to  fluoresce  brightly  (Scheme  1). 
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FIGURE  2 

A:  Fluorescence  change  of  Bacillus  anthracis  DNA  capture  element 
(Ba  DCE)  vs.  concentration  change  of  Ba  spores.  B:  Fluorescence 
change  of  Ba  DCE  vs.  time  from  interaction  of  Ba  DCE  with  1.2  x 
1 06  CFU/pL  of  Ba  spores.  C:  Thermal  stability  study  of  Ba  DCE.  Ten 
microliters  of  Ba  spores  (1.5  x  105  CFU/pL)  were  used  for  both  Ba 
DCE  experiments.  The  red  line  is  from  Ba  DCEs  that  were  heated 
for  4  h  at  60°C.  D:  Stability  study  of  Ba  DCE.  Ten  microliters  of  Ba 
spores  (1.5  x  105  CFU/pL)  were  used  for  both  Ba  DCEs  experi¬ 
ments.  The  red  line  is  from  Ba  DCEs  that  were  kept  for  30  d  at  room 
temperature. 

Preparation  Procedures  of  DCE  System 

In  Scheme  2,  Step  1,  primary  DNA  aptamer  is  added  to 
amino  polybeads  in  0.1  M  MOPS  buffer.  EDC  and  imida¬ 
zole  are  then  added.  (Average  number  of  primary  strand 


— •—  Ba  DCE+Ba  spore  Ba  DCE+Shiga  toxin  Ba  DCE+Tularemia  bacteria 


FIGURE  3 

Selectivity  study  of  Bacillus  anthracis  DNA  capture  elements  (Ba 
DCE).  Ten  microliters  of  Ba  spores  (1.5  x  105  CFU/pL),  5  ng  Shiga 
toxin,  and  2  pL  tularemia  agent  (5  x  105  CFU/pL)  were  used  in  each 
respective  experiment. 


DN A/bead  =  5.5.)  The  reaction  mixture  is  stirred  at  room 
temperature  overnight.  Product  1  is  separated  by  centrifu¬ 
gation  and  washed  with  H20,  then  resuspended  in  MOPS 
buffer. 

In  Step  2,  excess  complementary  DNA  is  added  to 
Product  1  in  0.1  M  MOPS  buffer.  The  mixture  is  stirred  (or 
shaken)  for  one  day  at  60°C,  and  then  slowly  cooled  down 
to  room  temperature  and  kept  for  several  days  at  room 
temperature.  Product  2  is  separated  by  centrifugation  and 
washed  with  H20. 

In  Step  3,  Product  2  is  added  to  a  saturated  solution  of 
QXL  610  with  EDC  and  imidazole  (excess  quencher  is 
used).  This  reaction  mixture  is  stirred  overnight.  Product  3 
is  separated  by  centrifuge  and  washed  with  H20. 

In  Step  4,  Product  3  is  resuspended  in  10  mL  of  reac¬ 
tion  buffer  (350  juL  2  M  Tris-HCl,  100  juL  of  1  M  MgCl2, 
and  7.7  mg  of  dithiothreitol  +  H20).  Then  5  mL  of  ATP 
(27.6  mg  ATP  +  H20)  and  2  jliL  of  T4  polynucleotide 
kinase  are  added.  The  reaction  mixture  is  shaken  for 
1—2  h  at  37°C.  Product  4  is  separated  by  centrifugation  and 
washed  with  H20. 

In  Step  5,  Product  4  is  added  to  a  solution  of  quantum 
dots  with  EDC  and  imidazole  in  MOPS  buffer  (excess 
Q-Dots  are  used).  The  mixture  is  stirred  overnight. 
Product  5  is  separated  by  centrifugation  and  washed  with 

h2o. 

The  sequences  of  Ba,  Shiga,  and  tularemia  aptamers 
used  for  making  the  DCEs  are  shown  in  Figure  1. 

Re-selection  of  Ba  Aptamers 

The  procedures  of  the  aptamer  re- selection  are  shown  in 
Scheme  3.  Approximately  0.5  jliL  of  Ba  spores  (1.87  x  106 
CFU/juL)  were  added  to  the  mixture  of  Ba,  Shiga,  and 
tularemia  DCE  systems  (DCE  systems  of  all  three  aptam¬ 
ers  were  made  based  on  Scheme  2,  using  3  x  1013  aptam¬ 
ers  for  each  batch).  The  interaction  mixture  was  stirred 
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FIGURE  4 

Microscopic  images  of  quenched  and  de-quenched  Bacillus  anthra- 
cis  DNA  capture  elements  (DCE).  A-D  are  of  the  same  sample, 
taken  before  and  after  adding  Ba  spores,  respectively.  A  and  C 
are  visible  light,  while  B  and  D  are  fluorescence.  In  B,  most  of  the 
quantum  dot  fluorescence  is  quenched.  C  shows  Ba  spores  bind¬ 
ing  to  the  aptamer  around  the  beads. 


FIGURE  5 

Electophoresis  image  after  polymerase  chain  reaction  of  the  prod¬ 
uct  separated  from  reaction  mixture  shown  in  Scheme  3.  (Agarose 
gel  2.5%;  standard  used  in  Lane  1  is  Fermentas  ZipRuler  DNA  Lad¬ 
der  2200-20,000  bp.)  Original  re-selection  sample  was  aliquoted 
into  8  samples,  all  wells  are  identical. 


at  room  temperature  for  0.5  h.  Then,  30  jliL  of  magnetic 
beads  with  random  ss-DNA  attached  (~7.485  x  106  bead, 
-A. 16  x  1012  ss-DNA)  were  added  and  stirred  for  another 
0.5  h.  The  complex  of  aptamer/target/magnetic  bead  was 
separated  by  magnet,  washed  thoroughly  with  water,  and 
re-suspended  in  Tris  EDTA  buffer,  pH  7.4.  The  ss-DNA 
(aptamer)  of  the  aptamer/target/magnetic  bead  complex 
was  then  amplified  by  polymerase  chain  reaction  (PCR), 
cloned,  and  sequenced. 

PCR/Sequencing 

The  sample  was  first  divided  into  5-jliL  aliquots  for  ampli¬ 
fication  by  PCR.  Master  Mix  (per  5  juL  template  sample) 
was  as  follows:  5  juL  buffer,  2  juL  MgCl2,  2.5  juL  DMSO, 
1  jllL  betaine,  1  juL  each  dNTP,  2.5  juL  F  primer,  2.5  jliL 
R  primer,  0.54  juL  taq  polymerase,  and  25.1  jliL  H20. 
Betaine  and  increased  DMSO  were  added  to  the  master 
mix  to  eliminate  polymerase  jumping  during  PCR  ampli¬ 
fication.10  Using  the  TOPO  TA  Cloning  Kit  (Invitrogen, 
Carlsbad,  CA),  1  jliL  of  amplified  DNA  was  ligated  into 
the  provided  vector  (pCRII-TOPO;  Invitrogen).  To  each 
ligation,  250  jliL  SOC  Media  was  added  and  incubated  at 
37°C  with  shaking  (225  rpm)  for  1  h.  Transformations 
were  streaked  to  Xgal/IPTG  LB/Amp  plates  (made  in 
house)  and  incubated  overnight  at  37°C.  Selected  white 
and/or  light  blue  colonies  were  isolated  and  grown  O/N 
in  2  mL  LB  media  with  2.5  mg/mL  ampicillian  additive. 
DNA  was  then  isolated  via  standard  alkaline  lysis  mini- 
prep  protocol.  Five  microliters  from  miniprep  (precipi¬ 
tate  in  30  jliL  Tris  EDTA  buffer)  was  used  as  PCR  tem¬ 
plate.  Two  colonies  from  each  X-gal/IPTG  LB/Amp  plate 
underwent  boil-prep  with  colony  lysis  buffer  (1%  Tween 
20  in  Tris-EDTA).  Fifteen  microliters  was  used  as  tem¬ 
plate  in  PCR.  PCR  products  were  precipitated  with  5  M 
ammonium  acetate  and  100%  isopropyl  alcohol  at  -20°C 
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Ba  (+)  ACCCCTGC ATCCTTT GCT GGAGAGGAAT GT AT AAGGAT GTTCCGGG 
CGTGTGGGTAAGTCAGTCTAGAGGGCCCCAGAAT 

FIGURE  6 

Sequence  of  aptamer  selected  from  the  interaction  of  Bacillus 
anthracis  (Ba)  spores  with  a  mixture  of  Ba,  Shiga,  and  tularemia 
DCEs  (Scheme  3).  Sequence  of  aptamer  selected  from  Scheme  3 
re-selection  is  same  as  that  of  Ba  aptamer  selected  by  SELEX.  No 
sequences  of  Shiga  and  tularemia  aptamers  were  obtained. 

overnight.  PCR  precipitates  (1  jliL  each)  were  sequenced 
with  BigDye  Terminator  v3.1  Ready  Reaction  Sequencing 
Standard  Kit  (Applied  Biosystems,  Part  No.  4336935)  and 
run  on  an  Applied  Biosystems  3100  automated  sequencer. 

Process  of  Rapid  Aptamer  Selection:  Selection, 
Amplifying,  Cloning,  and  Sequencing  of  Botulinum 
Neurotoxin  Aptamers 

The  procedure  for  rapid  aptamer  selection  (ASExp)  is 
shown  in  Scheme  4.  The  starting  libraries  consist  of  a 
multitude  of  ss-DNA  fragments  (~1015  molecules)  with 
a  central  random  region  of  30,  40,  and  50  nucleotides, 
flanked  by  20 -nucleotide  constant  regions  that  function 
as  primer  binding  sites  for  PCR.  Before  selection,  each 
library  of  ss-DNA  was  amplified  in  parallel  PCR  reac¬ 
tions  to  produce  a  library  of  ds-DNA.  After  ethanol 
precipitation,  each  ds-DNA  library  was  resuspended  in 
phosphate  buffered  saline  (lx,  with  Mg+2  and  Ca+2)  and 
mixed  together.  A  small  amount  of  target  was  then  added 
to  the  mixture  of  ds-DNA  libraries  and  stirred  for  0.5  h 
(~0.75  ng  botulinum  neurotoxin  type  A  or  B;  light  chain 
was  used).  The  target  denatured  the  ds-DNA  and  bound 
to  the  ss-DNA  (aptamer).  Then,  magnetic  beads  bound 
with  random  ss-DNA  (60mer)  were  added  and  interacted 
with  the  aptamer/target  complex.  A  complex  of  aptamer/ 
target/magnetic  beads  is  formed  and  separated  by  magnet 
[a  complex  of  complementary  strand  aptamer  (attacked  by 
target)  and  magnetic  bead  may  also  be  formed  and  sepa¬ 
rated].  The  supernatant  containing  the  remaining  library 
of  ds-DNA  was  separated  from  the  reaction  mixture 
for  reuse.  (Steps  6—9  in  Scheme  4  are  not  related  to  the 
aptamer  selection,  just  for  reusing  the  ds-DNA  library.) 
The  aptamer/target/magnetic  bead  complex  was  washed 
thoroughly  with  water.  Lastly,  the  aptamer  of  the  aptamer/ 
target/magnetic  bead  complex  was  amplified  by  PCR, 
cloned,  and  sequenced.  Sequences  of  BoNT  aptamers 
(three  aptamers  for  type  A  light  chain,  and  2  aptamers  for 
type  B  light  chain)  were  obtained  (see  Figure  7  below). 

Fluorescence  Measurements 

Fluorescence  changes  in  the  DCEs  with  and  without  agent 
were  measured  at  a  wavelength  of  590  nm  by  a  Bio-TEK 


TABLE  1 


Fluorescence  Data  of  Aptamer/Ba  Spore/Magnetic  Bead 
Complex  Separated  From  Interaction  of  Ba  Spores  with  the 
DCE  Mixture  of  Ba,  Shiga,  and  Tularemia*’  b 


Magnetic  Beads 
With  Random  Plus  Sample: 
DNA:  Control  After  Washing 


Time  (min) 

D6 

D7 

Diff. 

0 

959 

2588 

1629 

2 

1008 

2757 

1749 

4 

955 

2880 

1925 

6 

988 

2929 

1941 

8 

982 

2977 

1995 

10 

955 

2998 

2043 

aSee  Scheme  3. 

bSame  amount  of  magnetic  beads  were  used  as  control.  Fluorescence  of 
aptamer/Ba  spore/magnetic  bead  complex  was  measured  after  washing 
thoroughly.  Ba,  Bacillus  anthracis. 

Synergy  HT  Plate  Reader  (Winooski,  VT).  The  DCEs 
(100  juL  per  well)  were  added  to  a  9 6 -well  plate.  The  fluo¬ 
rescence  of  each  well  was  measured  as  a  baseline  before 
introducing  the  agent.  The  same  amount  of  DCE  without 
agent  was  used  as  a  control.  The  RFU  values  were  calcu¬ 
lated  as  follows: 

Fluorescence  change  =  [Fluorescence  of  DCE  and 
Agent  -  fluorescence  of  DCE  (control)]  -  [(Fluorescence 
of  DCE  —  fluorescence  of  DCE  (control)]. 

RESULTS  AND  DISCUSSION 
Fluorescent  Change  Resulting  From  Interaction 
of  Ba  Spores  with  Ba  DCE  Sensing  System 

A  new  sensing  system  based  on  aptamer  technology  was 
studied.  Figure  2A  and  B  show  the  fluorescence  change 
of  the  Ba  DCE  sensing  system.  Figure  2A  does  not  show 
apparent  fluorescence  vs.  time  change  because  the  plate 
reader  was  in  shaking  mode  prior  to  the  initial  read 
out.  Other  fluorescence  measurements  did  show  this 
trend,  however,  such  as  Figure  2C  and  D  and  Figure  3. 
In  Figure  4,  microscopic  images  A-D  confirmed  that 
quenching  and  dequenching  of  the  DCE  sensing  system 
occurs.16’17  Image  B  illustrated  that  the  fluorescence  of 
quantum  dots  was  almost  quenched  by  quencher,  and 
image  D  showed  strong  fluorescence  due  to  denatur¬ 
ing  by  Ba  spore  interaction.  The  quenched  fluorescence 
returned  because  the  Ba  DCE  was  de-quenched  by  Ba 
spores.  Image  C  showed  Ba  spores  gathering  around 
beads,  indicating  that  the  Ba  spores  bound  to  the  aptamer. 
Figure  2C  and  D  showed  that  the  DCE  sensing  system 
possessed  very  good  stability,  even  when  heated  at  60°C 
for  4  h.  Figure  3  showed  that  cross-reaction  occurred 
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Type  A  Light  Chain 

(1)  (+)  ACCCCTGCATCCTTTGCTGGACTTTTGATGGGTATCTAGTTGTC 
GGGTGTATTCTGGGGCCCTCTAGACT 

(-)  AGTCTAGAGGGCCCCAGAAT  ACACCCGACAACTAGATACCCATCA 
AAAGTCC  AGC  AAAGGAT  GC  AGGGGT 

(2)  ACCCCTGCATCCTTTGCTGG  ATGTTGCCAGTGAWARGGWAGGTT 
TCCCTGATTCTGGGGCCCTCTAGACT* * 

(3)  ACCCCTGCATCCTTTGCTGG  GCTATAGTTGTCAAAACACCT  GTG  G 
GATTG  ATTCTGGGGCCCTCTAGACT** 

Type  B  Light  Chain 

(1)  AGTCTAGAGGGCCCCAGAAT  T ATCC ACTAGCGGGAAGT AGTAC A 
TCTCAC  CC AGC AAAGGATGC AGGGGT** 

(2)  (+)  ACCCCTGCATCCTTTGCTGG  GTGAGATGTACTACTTCCCGCTA 
G  TGGATAATTCTGGGGCCCTCTAGACT 

(-)  AGTCTAGAGGGCCCCAGAATTATCCACTAGCGGGAAGTAGTACATC 
TCACCCAGCAAAGGATGCAGGGGT 

FIGURE  7 

Sequences  of  botulinum  neurotoxin  aptamers  selected  by  ASExp. 

*Three  base  pairs  are  not  correctly  sequenced  and  no  sequence 
of  complementary  strand  was  obtained.  **No  sequence  of  com¬ 
plementary  strand  was  obtained. 

when  the  Ba  DCE  system  interacted  with  different 
targets:  Ba  spores,  Shiga  toxin,  and  tularemia  bacteria. 
When  Shiga  toxin  or  tularemia  DCE  systems  interacted 
with  these  three  agents,  the  same  results  were  obtained 
(data  not  shown).  The  reason(s)  for  the  cross-reactivity 
within  the  three  DCE  systems  tested  are  unknown  at 
this  time.  The  cause(s)  are  being  investigated  and  actions 
are  being  taken  to  produce  a  more  selective  and  specific 
DCE  sensing  system. 

Results  of  Re-selection  of  Ba  Aptamer 

The  process  of  Ba  aptamer  re-selection  is  shown  in 
Scheme  3.  Figures  5  and  6  and  Table  1  show  the  results 
of  an  aptamer  re-selection  by  Ba  spores  interacting  with  a 
mixture  of  DCEs.  This  may  suggest  that  the  Ba  spore  has 
a  stronger  affinity  to  the  Ba  aptamer  than  to  Shiga  toxin 
and  tularemia  bacteria.  Only  sequences  of  Shiga  toxin 
and  tularemia  aptamers  were  obtained  separately  when 
Shiga  toxin  and  tularemia  bacteria  were  used  as  targets  to 
interact  with  a  mixture  of  Ba,  Shiga  toxin,  and  tularemia 
DCEs  individually.  All  of  the  three  aptamer  re-selections 
were  repeated  and  the  same  results  were  obtained  (data 
not  shown).  These  results  show  that  we  can  select  aptam¬ 
ers  for  the  DCE  sensing  system  based  on  the  aptamer  re¬ 
selection  process. 

Results  of  BoNT  Aptamers  Selected  by  ASExp 

Procedures  of  selection,  separation,  cloning,  and  sequenc¬ 
ing  of  BoNT  aptamers  (type  A  and  B  light  chain)  by 


(1)  Sequences  of  ds-DNA  Aptamer  Selected  by  ASExp  for  Making  DCE-1 

(+)  ACCCCTGCATCCTTTGCTGGACTTTTGATGGGTATCTAGTTGTC 
GGGTGTATTCTGGGGCCCTCTAGACT 

(-)  AGTCTAGAGGGCCCCAGAAT  ACACCCGACAACTAGATACCCATCA 
AAAGTCCAGCAAAGGATGCAGGGGT 

(2)  Sequences  of  ds-DNA  Aptamer  Selected  by  ASExp  for  Making  DCE-2 

(+)  ACCCCTGCATCCTTTGCTGG  GTGAGATGTACTACTTCCCGCTA 
G  TGGATAATTCTGGGGCCCTCTAGACT 

(-)  AGTCTAGAGGGCCCCAGAATTATCCACTAGCGGGAAGTAGTACATC 
TCACCCAGCAAAGGATGCAGGGGT 

(3)  Sequences  of  ds-DNA  Aptamer  Selected  by  SELEX  for  Making  DCE-3 

(+)  CATCCGTCACACCTGCTCTGGGGATGTGTGGTGTTGGCTCCCGTA 
TCAAGGGCGAATTCT 

(-)  GTAGGCAGTGTGGACGAGACCCCTACACACCACAACCGAGGGCA 
TAGTTCCCGCTTAAGA 

(4)  Sequences  of  ds-DNA  Aptamer  Selected  by  SELEX  for  Making  DCE-4 

(+)  CATCCGTCACACCTGCT  CTGCTATCACATGCCTGCTGAAGTGG 
TGTTGGCTCCCGTATCA 

(-)  GTAGGCAGTGTGGACGAGACGATAGTGTACGGACGACTTCACC 
ACAACCGAGGGCATAGT 

FIGURE  8 

Sequences  of  aptamers  for  making  botulinum  neurotoxin  DNA 
capture  elements  (DCE)  1-4.  Sequences  of  aptamers  are  red  and 
primers  are  black. 

ASExp  are  described  in  Scheme  4  and  sequences  of  aptam¬ 
ers  selected  are  shown  in  Figure  7. 

Fluorescence  Test  Results  From  the  Interaction  of 
Botulinum  Neurotoxin  DCE  Systems  (Made  From 
Botulinum  Neurotoxin  Aptamers)  with  Botulinum 
Neurotoxin 

Four  DCE  systems  were  made,  the  sequences  of  which 
are  shown  in  Figure  8.  The  preparation  procedures  are 
described  in  Scheme  4.  DCE-1  and  DCE-2  were  made 
from  aptamers  selected  by  ASExp  against  BoNT  type  A 
and  B  light  chain,  respectively.  DCE-3  and  DCE-4  were 
made  from  aptamers  selected  by  the  SELEX  process 
against  BoNT  type  A  light  chain  and  BoNT  holotoxin, 
respectively.  The  organic  fluorophore,  Hylite  Fluor  488 
amine,  was  used  in  BoNT  DCEs  1—4. 

Four  types  of  BoNTs  (type  A  and  B,  heavy  and  light 
chain)  were  used  to  interact  with  each  respective  DCE  sys¬ 
tem.  The  fluorescence  changes  resulting  from  the  interac¬ 
tions  of  the  four  toxins  (toxin  type  A  light  chain,  toxin  type 
A  heavy  chain,  toxin  type  B  light  chain,  and  toxin  type  B 
heavy  chain  with  DCEs  1—4  are  shown  in  Figure  9A— D; 
5  ng  BoNTs  were  used  for  all  fluorescent  measurements). 
When  BoNTs  (type  A  and  B  light  chain)  interacted  with  a 
library  of  ds-DNA  separately,  as  described  in  Scheme  4  for 
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A 


B 

r  — *— LCA  — HCA  — LCB  — IICB 


Time  (min) 


FIGURE  9 

A:  Fluorescence  change  resulting  from  the  interactions 
of  DCE-1  [made  from  aptamer  against  botulinum  neu¬ 
rotoxin  (BoNT),  type  A  light  chain  by  ASExp]  with  dif¬ 
ferent  types  of  BoNTs.  B:  Fluorescence  change  result¬ 
ing  from  the  interactions  of  DCE-2  (made  from  aptamer 
against  BoNT,  type  B  light  chain  by  ASExp)  with  differ¬ 
ent  types  of  BoNTs.  C:  Fluorescence  change  resulting 
from  the  interactions  of  DCE-3  (made  from  aptamer 
against  BoNT,  type  A  light  chain  by  SELEX  process) 
with  different  types  of  BoNTs.  D:  Fluorescence  change 
resulting  from  the  interactions  of  DCE-4  (made  from 
aptamer  against  BoNT  holotoxin  by  SELEX)  with  differ¬ 
ent  types  of  BoNTs.  HCA,  toxin  type  A  heavy  chain; 
HCB,  toxin  type  B  heavy  chain;  LCA,  toxin  type  A  light 
chain;  LCB,  toxin  type  B  light  chain. 


D 


HCB  — LCB  —LCA  - HCA 


ASExp,  sequences  of  three  aptamers  for  type  A  light  chain 
and  two  aptamers  for  type  B  light  chain  were  obtained. 
Sequences  of  a  complementary  strand  of  #1  of  type  A 
light  and  #1  of  type  B  light  were  also  obtained.  This  sug¬ 


gests  that  some  aptamers  or  their  complementary  strands 
may  be  lost  during  cloning  and  sequencing.  Four  BoNT 
DCE  systems  were  made  according  to  Scheme  2  and  inter¬ 
acted  with  four  different  BoNTs.  Figure  9A  and  B  indi- 
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cated  that  the  BoNT  DCE-1  can  be  denatured  by  type  A 
(strongly)  and  B  light  chain  (weakly)  of  BoNT  toxins,  but 
not  by  type  A  and  B  heavy  chain.  DCE-2  can  be  dena¬ 
tured  by  the  type  B  light  chain  (strongly),  type  A  and  B 
heavy  chain  (weakly),  and  not  by  type  A  light  chain  of  the 
toxin.  It  is  not  known  if  these  results  are  related  to  the 
structure  of  the  toxin  or  not.  Ba,  Shiga  toxin,  and  tula¬ 
remia  DCE  systems  show  cross-reaction  between  BoNT 
DCE-3,  4  and  different  types  of  toxins  (Figure  9C  and 
D).  These  results  suggest  that  ASExp  may  be  used  as  an 
alternative  method  to  select  aptamers  for  our  DCE  sens¬ 
ing  system.  ASExp  possesses  some  advantages  such  as 
ease  of  operation  and  speed  (10  h  for  selection  process)  as 
compared  with  SELEX.  More  efforts  are  being  taken  to 
study  ASExp  in  order  to  improve  the  process  and  obtain 
aptamers  with  better  selectivity  or  specificity. 

CONCLUSION 

This  study  illustrates  a  new  sensing  system  with  very  good 
sensitivity  and  thermal  stability  based  on  ds-aptamers. 
Results  showed  that  ds-aptamers  are  denatured  and  de- 
quenched.  In  addition,  an  alternative  method  for  rapid 
aptamer  selection  was  demonstrated  (ASExp)  based  on 
the  use  of  a  ds-DNA  library  and  magnetic  beads  bound 
with  random  ss-DNA  for  fast  separation.  ASExp  has 
been  applied  to  select  aptamers  against  different  types 
of  targets  successfully,  such  as  B.  anthracis  spores,  B.  thur- 
ingiensis  spores,  MS -2  bacteriophage,  and  ovalbumin  (only 
BoNT  aptamers  are  reported  here).  Both  aptamer  selection 
systems  SELEX  and  ASExp  seem  to  have  cross-reaction 
problems.  However,  ASExp  provides  a  much  faster  and 
easier  selection  due  to  the  small  amount  of  target  required, 
resulting  in  low  cost  when  compared  with  SELEX.  We 
conclude  that  the  BoNT  aptamers  selected  by  ASExp,  and 
the  study  of  their  DCEs  interactions,  show  that  ASExp 
can  be  used  as  an  alternative  rapid  selection  method  for 
apatmers. 
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